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ABSTRACT The population structure of the blue crab Callinectes sapidus was examined in the Maryland Coastal Bays (MCB)
from 2014 to 2016. Crabs were sampled from April to December of each year. Size–frequency distributions showed a strong
seasonal cycle, with small crabs being abundant in April, increasing in size through September, with adult crabs observed in the
highest proportions from August through October of each year. A subsample of crabs was assayed for hemolymph ecdysone
concentrations to examine molting patterns in field-collected blue crabs. Molting was observed throughout the sampling season,
peaking in April for immature crabs, with lows in all size classes occurring in October. The mean size at maturity (L50) for females
collected in this study was 116mm carapace width (CW), which is comparable to that reported for the lower Chesapeake Bay (CB)
and suggests crabs in theMCB are not significantly smaller as previously thought; however, large crabs (>127 mmCW) appear to
make up a smaller proportion of the total population in the MCB than in CB. Ovigerous females were observed at two distinct
locations depending on the season, with 13/15 (86.7%) in southernChincoteague Bay in April andMay and 24/41 (58.5%) nearest
to the Ocean City Inlet in July and August, indicating two potentially distinct spawning grounds and periods. This work suggests
that blue crab reproductive success and general population trends are similar across both systems, with fishing pressure or disease
in the MCB potentially explaining the low abundance of adult male crabs.
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INTRODUCTION
Shellfish populations are a major economic resource in the
United States, with shellfish making up approximately 57% of
all commercial fishery landings in 2016 (NOAA 2018). Because
of their benthic lifestyles, complex life histories, and discon-
tinuous growth, shellfish species often require different man-
agement strategies and additional stock assessment data as
compared with finfish (Caddy 1989, Smith & Addison 2003).
For example, finfish are able to grow continuously, whereas
crustaceans grow discontinuously by molting, or shedding
their old cuticular exoskeleton, and replacing it with the cuticle
of the new instar. The shedding of the exoskeleton makes it
difficult to perform tagging studies or age crustacean species
accurately because environmental and physiological factors can
affect molting and growth. This, coupled with variability in
growth due to environmental conditions, makes understanding
the age structure of crustacean populations complicated.
In the blue crab Callinectes sapidus Rathbun, molting fre-
quency depends on a variety of factors, including life-history
stage, size class, nutrition, and temperature (Smith & Chang
2007). Because its geographical distribution is extensive, rang-
ing from Nova Scotia to Argentina (Williams 1984), patterns in
the life history of the blue crab may vary by region or even
habitat. For example, phenological variations in latitude or
ecosystem can create a disparity between populations. In the
mid-Atlantic region, blue crabs are known to hibernate, or
overwinter, during periods of low temperature, but over-
wintering does not occur in subtropical or tropical regions
(Churchill 1919, Van Engel 1958, Havens &McConaugha 1990,
Smith & Chang 2007). Moreover, crabs in temperate regions
such as Chesapeake Bay (CB) cease molting, and hence growth,
from late November through early April each year; however,
this does not occur in populations found in warmer regions such
as the Gulf of Mexico (Van Engel 1958, Tagatz 1968).
Because CB is home to a large population of blue crabs and
is a major fishery, research traditionally has focused on its blue
crab population. Due east of CB, on the opposite side of the
Delmarva Peninsula, resides a much smaller bay system col-
lectively known as the Maryland Coastal Bays (MCB). The
MCB are composed of several partially connected sub-
estuaries, including Assawoman Bay, St. Martin River, Sine-
puxent Bay, Newport Bay, and a portion of Chincoteague Bay.
These bays represent a small, shallow, high salinity, coastal
estuarine system enclosed by barrier islands to the east, in-
cluding Assateague Island and Ocean City, MD (Fig. 1). The
MCB systemmaintains a population of blue crabs that supports
both recreational and commercial fisheries that are distinctly
separate from those in CB. Many similarities are thought to
exist between these two populations in terms of ecology, but
little research has been carried out to explore this.
The goal of this work was to explore the population dy-
namics of blue crabs in the MCB and compare, where possible,
with the demography of the blue crab population inCB.Despite
being at an identical latitude, the MCB tend to be warmer than
the larger CB system because of quicker heating of its shallow
lagoons and bays during spring and summer. In addition,
freshwater inputs are not as extensive in the MCB, thereby
generating a system of higher and more uniform salinity than in
CB. Thus, it was expected that there would be some variation
between the blue crab populations in these two systems.
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MATERIALS AND METHODS
Sample Collection
The Maryland Department of Natural Resources performs
trawl surveys as part of their ongoing Coastal Bays Fisheries
Investigation Program in the MCB. These surveys are per-
formed monthly, April–October, at 20 sites throughout the
system (Fig. 1) and were designed to provide baseline data on
the abundance of juveniles and adults of commercially and
recreationally important species, including blue crabs andmany
other species. The data presented here were collected in con-
junction with these surveys from 2014 to 2016.
Trawling was performed with a 16-ft. semi-balloon trawl
towed at 6 knots for 3 min. A full description of the sampling
gear and method are described on theMaryland Department of
Natural Resources website under ‘‘Coastal Bays Fisheries In-
vestigation’’ (Maryland Department of Natural Resources
Coastal Bays Fisheries Investigation). At each site, environ-
mental data were collected before the trawl was performed. A
Pro1020 YSI was used to collect water temperature, salinity,
and dissolved oxygen at the surface and at the bottom. Average
salinities reported here use the bottom salinity reading of a
given site or sub-estuary across all data points collected during
the course of this study.
In each trawl, finfish species were counted and measured,
blue crabs were counted, and the total volume of all algae was
measured in a marked container, with the percentage volume of
each algal species being estimated. In addition, other inverte-
brate species were counted or their abundances estimated using
marked containers, including additional species of crabs, shrimp,
ctenophores, and jellyfish.
A total of 50 blue crabs were further sampled in each trawl,
with the remaining blue crabs only being counted. Recorded
data included the carapace width (the distance between the tips
of the epibranchial spines; CW) and sex of each crab. The ma-
turity status of each female crab was noted as immature or
mature, based on the shape of the abdominal tergites (the
‘‘apron’’) on the abdomen of the crab. In addition, mature fe-
male crabs that were egg-bearing (ovigerous, eggers, or sponge
Figure 1. Map of sampling sites. Sites 1–3$ Assawoman Bay; Sites 4–5$ St. Martin River; Sites 6–7$ Isle of Wight; Sites 8–10$ Sinepuxent Bay;
Sites 11–12$ Newport Bay; Sites 13–20$ Chincoteague Bay. Base map  Esri, DeLorme, NAVTEQ.
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crabs) were recorded, but the developmental stage of the eggs
(based on color) was not recorded because of their rapid de-
velopment time (<14 days). Male crabs did not have maturity
status recorded in the field, but maturity based on size is de-
scribed in the following text. For the female crabs collected in
this study, six crabs did not have their maturity status recorded
and were therefore not included in analyses involving maturity
status or ovigerous crabs.
Crabs less than 10 mm CW showed inconsistencies in sam-
pling, indicating that they may not have been well sampled by
the trawl gear used in this study. This suggests that gear selec-
tivity was low for crabs less than 10 mm CW.
Crab Age Categories
To track growth, a total of four size categories were used.
Measured crabs were grouped by size into recruits, juveniles,
subadults, and adults to explore population structure (see in the
following text). Blue crab larvae take approximately 3–4 wk to
develop fromhatching through all seven or eight zoeal stages, and
1–2 wk to develop through the megalopal stage, depending on
environmental conditions (Churchill 1942, Sandoz & Rogers
1944, Costlow & Bookhout 1959, Brumbaugh & McConaugha
1995, Zmora et al. 2005). It then takes approximately 1–2 mo
after recruitment for a crab to grow to approximately 20mmCW
(C6, or the sixth instar; Pile et al. 1996, Zmora et al. 2005,
Cunningham & Darnell 2015). Thus, in the present study, crabs
less than or equal to 20mmCWwere considered to have less than
3mo of active growing time and are here termed ‘‘recruits’’; those
from21 to 60mmCWwere considered ‘‘juveniles,’’ those from 61
to 106 mm CW were ‘‘subadults,’’ and those more than 107 mm
CWwere considered adults. This size is based on the observation
that 50% of males collected in lower CB were sexually mature at
107 mm CW (Van Engel 1990), and the mean size at maturity of
female blue crabs in lower tributaries of CB was estimated to be
107.9 mm CW from 1992 to 2000 (Lipcius & Stockhausen 2002).
Therefore, 107 mm CW was selected as the lower limit for the
‘‘adult’’ size class for ease of grouping. In cases where sexual
maturity is being discussed, as indicated by apron shape, females
are referred to as ‘‘mature’’ rather than the size category ‘‘adults.’’
In addition, the actual L50 for the female crabs collected in this
study was calculated as described in the following text.
Radioimmunoassay (RIA) Assessment of Molt Stage
A subsample of crabs was collected for analysis with an
ecdysteroid RIA to more accurately determine their molt stages
as described by Chung (2010). These crabs were randomly se-
lected during field sampling, placed into bags labeled with the
date and site, and stored on ice until sampling was completed.
Hemolymph was drawn the same day that sampling occurred at
the University of Maryland Eastern Shore, Paul S. Sarbanes
Coastal Ecology Center. Aliquots of 100 mL of hemolymph
were taken from each crab using a 1-mL syringe equipped with a
27-ga needle. Hemolymph was immediately mixed in a 1:1 ratio
with an anticlotting buffer (HEPES 10mM,NaCl 400mM,KCl
10mM, glucose 100mM,NaHCO3 10mM, and EDTA 10mM;
pH 7.4; modified from Söderhäll & Smith 1983) and chilled on
ice. Hemolymph was frozen at –20C for use at a later date.
The RIA is described in Lycett et al. (2018). In brief, he-
molymph samples were run in duplicate with standards run in
triplicate, with the bound form counted using a beta counter
(Perkin Elmer). The resulting data were analyzed using the
AssayZap program (Biosoft). Animals were categorized as ei-
ther in the inter-molt stage or in premolt (preparatory to
molting) stages (D0–D4 in the molt cycle). In this work, ‘‘inter-
molt’’ crabs were considered to be those not preparing to molt,
as indicated by low ecdysone levels, including crabs in post-
molt (ecdysone concentration less than10 ng/mL) and inter-
molt stages (ecdysone concentrations 10–30 ng/m; Soumoff &
Skinner 1983, Chung 2010; Techa & Chung 2013). Crabs in the
‘‘active’’ stage were those that had elevated ecdysone levels
(>30 ng/mL) and would be proceeding through ecdysis in the
near future. Crabs were further categorized as mature males
($107 mm CW) and all immature crabs (<107 mm CW). Sex-
ually mature female crabs were not included in the molting data
because, with a few rare exceptions, they have a terminal molt
and therefore would not be in the active molt cycle. Instead,
they are permanently in the inter-molt stage.
Statistical Analysis
Statistical analysis was performed in R (version 3.6.1; R
Core Team 2019) using R studio (version 1.2.1335; R Studio
Team 2018). All tests were considered significant at P < 0.05.
The mean size at maturity (L50) was calculated using the R
package ‘‘sizeMat,’’ which uses a logistic approach (Torrejon-
Magallanes 2020). A one-way analysis of variance was used to
explore variation across sites. In cases where data were signifi-
cantly non-normal, as determined by a Shapiro–Wilk Test, data
were log10 transformed (McDonald 2014). A Tukey HSD test
was used as a post hoc analysis to confirm the results of the
ANOVA. The chi-square goodness of fit test was used on fre-
quency data to determine if sex ratios were significantly skewed.
For this test, a ratio of 1:1 was used as the expected relationship.
A G-test for goodness of fit was used to determine if sex ratios
were significantly different between years. Linear regression was
used to explore the relationship between the density of ovig-
erous crabs and salinity at individual sites, and the relationship
between the density of mature female crabs and salinity at in-
dividual sites.
RESULTS
Over the 3 y of the study, total catch varied but gear and
sampling method did not, indicating that the change in catch
represented fluctuations in the blue crab population in the MCB.
In 2014, 3,140 crabs were caught, compared with 4,917 crabs in
2015 and 6,039 crabs in 2016. The highestmonthly catch was seen
in June of all 3 y (987 crabs in 2014, 1,889 crabs in 2015, and 1,706
crabs in 2016). The lowest monthly catch was seen in October of
all 3 y (162 crabs in 2014, 120 crabs in 2015, and 197 crabs in
2016). Of the crabs caught, 2,037 were measured and sexed in
2014, compared with 2,683 in 2015 and 2,962 in 2016. These
numbers represent 64.9% of the total catch in 2014, 54.6% of the
catch in 2015, and 49.0% of the catch in 2016 (see Materials and
Methods). The gender of early benthic juveniles could not be
identified less than approximately 10 mm, resulting in slight dis-
crepancies between the number sexed and the number measured.
Crab size varied by season, with juvenile crabs dominating
the catches early in the sampling season (Fig. 2, Table 1,
Appendix Figure 1). Similar trends in the relative abundance of
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different size classes were observed each year from April
through August, with smaller crabs dominating early in the
year, larger crabs in the summer, and then a more even distri-
bution of crabs in September and October. This trend is further
elucidated when crabs from all 3 y are pooled and grouped by
size class (Table 1). Adult crabs ($107mmCW)made up 30.0%
(146/487 crabs) of the sampled population in October, a higher
proportion than was seen in any other month, but their highest
absolute abundance was in August when 232 total adults were
captured. The lowest absolute abundance and relative propor-
tion of adult crabs was seen in April at 5.1% (45/886 crabs).
During the April sampling, most sites had relatively low catch
Figure 2. Size frequency histograms of blue crab carapace width bymonth for all 3 y pooled. Values above each bin represent the total number of crabs in
that bin.
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per unit effort, but a few sites had very large catch per unit ef-
fort, suggesting that crabs were segregating by habitat or site in
some areas and in some years.
Recruits (<20mmCW)were abundant early in the year, with
the highest proportions seen in April at 47% (416/886 crabs)
and May 25.3% (224/886 crabs). The relative proportion of
recruits decreased in June and July, remained low in August and
September, but increased in October to 20.1% (98/487 crabs).
Larger juveniles (20–60 mm CW) had high relative abundance
in May and June at 51% (451/886 crabs) and 61.8% (981/1,587
crabs), respectively, and subadults had high relative abundances
from July through September. The smallest juveniles (less than
4 mm CW) are absent from this dataset as these crabs are too
small to be sampled appropriately using the trawl net described
here. In addition, the relatively small numbers of crabs less than
6 mm CW (3 crabs were 4 mm CW and eight crabs were 5 mm
CW in all 3 y of sampling) suggest that this size class is not well
sampled. Thus, this dataset underestimates the number of re-
cently settled juvenile crabs and instead shows patterns for
larger juveniles (C6 instars and above).
Ecdysone concentrations in hemolymph samples were used
to determine the molt stages for crabs in a subsample of daily
trawl collections (116 crabs in 2014, 121 crabs in 2015, and 251
crabs in 2016). This subsample of crabs did not include recruits
because of a minimum volume of hemolymph needed for the
assay. Sampled crabs ranged in size from 27 to 157 mm CW,
with an average size of 75.3 mmCW.When crabs from all years
are pooled (all immature crabs and adult males), there appears
to be two peaks in molting activity, April–May and July–
September (Table 2). Juvenile crabs were actively molting
throughout the year, as more than 50% of crabs had elevated
ecdysone in every month with the exception of October. In
April, every juvenile crab tested was in a premolt stage (19/19
crabs), compared with a low of 45.5% (5/11 crabs) in October.
In the subadult size class, the highest percentage of crabs in
premolt was observed in June at 95% (19/20 crabs) and the
lowest percentage in October at 15% (3/20 crabs). Adult male
crabs appeared to have lower molting activity throughout the
year, with a peak in July at 66.7% (2/3 crabs) and lows in June
and October. In June, no crabs (0/6 crabs) were actively molt-
ing, and in October, 14.3% (2/14 crabs) of crabs were actively
molting.
There were significantly more male crabs than female crabs
in all 3 y of the study (2014X2¼ 4.1, df¼ 1, P < 0.05; 2015X2¼
53.3, df¼ 1,P < 0.001, 2016X2¼ 9.1, df¼ 1,P < 0.01; Appendix
Table 1). The years 2014 and 2016 were not significantly dif-
ferent from each other (G-test, P ¼ 0.71), but 2015 had signif-
icantly more males caught than both 2014 and 2016 (G-test, P <
0.01 for both tests). This variation between years appears to be
influenced primarily by the month of May, as there was no
significant difference between the number of males and females
in May 2014 and May 2016, although there were significantly
more males in May 2015 (X2 ¼ 12.26, P < 0.001; P ¼ 0.57; and
P ¼ 0.12, respectively; Appendix Table 1). The August samples
also added to the variability, as there was no significant dif-
ference between the number of males and females in 2014 (X2 ¼
19.81;P¼ 0.43), but there were significantly more males in 2015
(P < 0.01) and significantly more females in 2016 (X2 ¼ 7.1, P <
0.01). The other months had the same trend in all 3 y. For this
reason, data were grouped to explore general trends in sex ratios
TABLE 1.
Size frequencies and relative abundance of each size category for different crab sizes by month for 2014–2016.
Size April, n (%) May, n (%) June, n (%) July, n (%) August, n (%) September, n (%) October, n (%)
Recruits 416 (47.0) 224 (25.3) 91 (5.7) 4 (0.3) 99 (7.3) 85 (7.9) 98 (20.1)
Juveniles 361 (40.7) 452 (51.0) 981 (61.8) 625 (43.9) 450 (33.3) 326 (30.4) 137 (28.1)
Subadults 62 (7.0) 106 (12.0) 335 (21.1) 605 (42.5) 570 (42.2) 437 (40.7) 106 (21.8)
Adults 47 (5.3) 104 (11.7) 180 (11.3) 190 (13.3) 232 (17.2) 226 (21.0) 146 (30.0)
Total 886 886 1,587 1,424 1,351 1,074 487
TABLE 2.
Molt stage (%) by size class by month for 2014–2016 based on ecdysone levels.
April May June July August September October
All crabs (n) 49 29 56 49 132 116 45
Active, % 79.6 75.9 42.9 65.3 72.7 73.3 20.0
Inter-molt, % 20.4 24.1 57.1 21.6 27.3 26.7 80.0
Juveniles (n) 19 17 16 17 51 32 11
Active, % 100.0 82.4 62.5 58.8 76.5 84.4 45.5
Inter-molt, % 0.0 17.6 37.5 41.2 23.5 15.6 54.5
Subadults (n) 20 5 36 30 70 74 20
Active, % 95.0 80.0 44.4 73.3 74.3 70.3 15.0
Inter-molt, % 5.0 20.0 55.6 26.7 25.79 29.7 85.0
Adult males (n) 11 6 6 3 10 8 14
Active, % 36.4 50.0 0.0 66.7 30.0 50.0 14.3
Inter-molt, % 63.6 50.0 100.0 33.3 70.0 50.0 85.7
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by month (Table 3). Sex ratios were not significantly different
from June through August; however, there were significantly
more male crabs than female crabs collected from April to May
and September to October (Table 3). In addition, sex ratios of
sexually mature females and adult males showed significantly
more male crabs inMay, July, andOctober (Appendix Table 1).
Of the female crabs caught in the course of this study, sex-
ually mature females made up only 11.6% of the sample (409/
3,514; Table 4). These sexually mature females had an average
size of 133.6 mm CW, with the smallest measuring 60 mm CW
and the largest measuring 177 mm CW. Although there was
some variation in the average size of sexually mature females by
sub-estuary (Appendix Table 2), the mean size was not signifi-
cantly different (Tukey HSD, P > 0.05); however, there was
significant variation in the presence of mature females (as a
proportion of the total number of females collected) across
different sub-estuaries (F(5, 358) ¼ 10.9, P < 0.001), with Sine-
puxent Bay having a higher proportion of mature females than
all other sub-estuaries.
The relationship between the total number of mature fe-
males collected at a given site and average salinity at that site
was weak (R2 ¼ 0.12), but salinity is highly variable (Appendix
Table 3), depending on a variety of factors, including recent
rainfall, tide stage, and wind conditions at the time the salinity
was recorded. Regardless, salinity was significantly different
(F(5, 383) ¼ 14.233, P < 0.001) across the six sub-estuaries. The
lowest average salinity by sub-estuary was 24.6 ppt for St.
Martin River (Appendix Table 2), which includes sites T004 and
T005 (Fig. 1). The highest average salinity by sub-estuary was
29.1 ppt for Sinepuxent Bay, which includes sites T008, T009,
and T010.
The mean size at maturity (L50) for female crabs collected in
this study was calculated as 116 mm CW (Fig. 3) using both
Frequentist regression (L50 ¼ 116.3, R2 0.86, CI¼ 114.9–117.5)
and Bayesian regression (L50 ¼ 116.2, R2 0.86, CI ¼
114.8–117.6). Because crabs are measured in whole millimeters
and both methods of calculation round to 116 mm, this is the
size presented here.
Of the 409 sexually mature crabs collected, 95 were egg-
bearing females (ovigerous crabs), with an average size of
133.6 mm CW. The smallest ovigerous female recorded was
70 mm CW, and the largest female recorded was 172 mm CW.
In April, relatively few ovigerous crabs were seen, but they
made up a high proportion of the sexually mature females that
were caught (Table 4). Ovigerous crabs were most frequent in
summer months, with 36 crabs caught in June across all 3 y, 24
crabs in July, and 17 crabs in August (Appendix Table 4). By
year, the abundance of ovigerous crabs varied, with most of the
ovigerous crabs being caught in July 2014 and 2015 and June
2016. The observed abundance of ovigerous crabs in 2014 and
2015 was relatively low, with 19 and 13 crabs caught over the
sampling season, respectively. More ovigerous crabs (63) were
caught in 2016.
The presence of ovigerous crabs was highly variable. All
ovigerous crabs caught in April and the majority (6/9) caught in
May were from Chincoteague Bay (Appendix Table 2). In June,
ovigerous crabs were caught in many different sites, but the
majority (22/36 crabs) were seen in Sinepuxent Bay (sites T009
and T010), south of the Ocean City Inlet. In July, the majority
(15/24 crabs) were seen in Assawoman Bay (sites T003 and
T007), north of theOcean City Inlet. Throughout the year, most
ovigerous crabs were caught at sites T003 (19 crabs), T007 (17
crabs), and T009 (19 crabs). Ovigerous crabs were seen at site
T003 in Assawoman Bay from May through September,
whereas they were only seen June through August at sites T007
(Assawoman Bay) and T009 (Sinepuxent Bay). Although
TABLE 3.
Sex ratios of blue crabs by month pooled for 2014–2016.
Month N % Female % Male X2 P value
April 879 40.6 59.4 31.0 2.6 3 10–8
May 885 45.9 54.1 6.0 1.4 3 10–2
June 1,587 48.6 51.4 1.2 0.3
July 1,424 49.2 50.8 0.3 0.6
August 1,349 49.1 50.9 0.4 0.5
September 1,072 40.6 59.3 37.3 1.0 3 10–9
October 478 38.7 61.3 24.4 7.8 3 10–7
Total 7,675 45.9 54.1 52.4 4.6 3 10–13
Significant P values are highlighted in gray. Sex ratios by year and for
only mature crabs are available in Appendix Table 1.
TABLE 4.
Maturity and reproductive status of female blue crabs by
month pooled for 2014–2016.
Month Immature Mature Ovigerous % Ovigerous
April 348 9 6 66.7
May 379 27 9 33.3
June 684 83 36 43.4
July 640 61 24 39.3
August 569 93 17 18.3
September 345 91 3 3.3
October 140 45 0 0
Total 3,105 409 95 23.2
Figure 3. Logistic curve fitted to the physiological sexual maturity of
Callinectes sapidus females sampled from 2014 to 2016 in the Maryland
andVirginia Coastal bays. The horizontal line represents the proportion of
50% sexually mature. L50, size at 50% sexual maturity.
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salinity levels tended to be higher at these sites, the relationship
between high salinity and the abundance of ovigerous crabs was
weak (R2 ¼ 0.28), likely because salinity was relatively high
throughout the system.
DISCUSSION
Historically, blue crabs from the MCB were thought to be
smaller, on average, than those maturing in CB (Porter 1955,
Porter 1956, Lipcius et al. 2003, Hall et al. 2004, Hines 2007).
This is potentially due to the influence of higher salinity in the
MCB, causing a lower molt increment during molting; some
researchers have also observed a longer molt duration (less
frequent molting) and a greater size increase (molt increment) in
crabs held in lower salinity than in high salinity (de Fur et al.
1988). Fisher (1999) also observed smaller sizes at maturity
for female crabs in higher salinity waters, suggesting smaller
changes in size across each molt, compared with females in
lower salinity waters; however, other researchers have reported
little to no influence of salinity on molting and growth (Haefner &
Shuster 1964, Neufeld & Cameron 1994, Cunningham & Darnell
2015).
Based on the crabs collected in this study, it does not appear
that crabs from MCB are significantly smaller than those from
Chesapeake. Because of seasonal variation, it is not useful to
compare the average size of all crabs, rather the mean size of
sexually mature females can serve as a proxy to examine the
influence of environmental factors on size (Fisher 1999). The
L50 reported here (116 mm CW) is similar to that reported for
the lower CB (118.4 mm CW from 1988 to 1991 and 107.9 mm
CW from 1994 to 1996; Lipcius & Stockhausen 2002). In ad-
dition, the average size of sexually mature females collected in
this study (133.6 mm CW) is similar to that reported by Lipcius
and Stockhausen (2002) for lower CB (no salinity data pro-
vided), which was 132.5 mm CW for crabs collected from 1994
to 2002; however, Lipcius and Stockhausen (2002) did observe
that the average size of sexually mature females in lower CBwas
smaller than that of those in the bays tributaries, where the
average size was 139.7 mm CW from 1994 to 1997. In this
context, it should be noted that the migration history of the
crabs in lower CB can vary significantly over distance and sa-
linity regimes. This potentially confounds the comparison;
nevertheless, crabs from the tributaries with lower salinities are
typically larger than those from the main stem of CB, lending
some support to the notion that crabs maturing in low salinity
waters are typically larger than those maturing in high salinity
waters. Future work should continue to examine average sizes
and distributions of sexually mature females, especially now
that fishing pressure on female crabs has been reduced in CB;
this may affect size at maturity, and therefore the average size of
sexually mature females (Lipcius & Stockhausen 2002, Miller
et al. 2011).
Notably, large crabs can be found in MCB, although they
may not be as common as in CB. Approximately 1.5% of all
crabs collected in this study were above 150 mm CW (113 crabs
of 7,695 total crabs), with the largest crab measuring 210 mm
CW; thus, crabs in MCB are capable of growing to comparable
sizes as those in CB. Nonetheless, large crabs appear to make
up a relatively small proportion of the population in MCB
throughout most of the year. This is in contrast to observations
in CB where Hines et al. (1987) observed April peaks at 30 and
100 mm CW in the Rhode River. In this study, only the smaller
peak of crabs at 20–40 mm CWwas observed (Fig. 2, Appendix
Figure 1). In fact, adult crabs ($107 mm CW) made up only
14.6% of all crabs sampled (1,125 crabs of 7,695 total crabs
measured) throughout this study. Again, there are little data on
specific sizes to compare with crabs in CB, but the CB Winter
Dredge Survey does provide some data on male crabs over
127 mm CW. Based on the numbers provided by the survey,
male crabs over 127 mm CW made up 6.6% of the estimated
population in 2014, 5.0% in 2015, and 9.4% in 2016 (Maryland
Department of Natural Resources 2020). In comparison, in
MCB, male crabs over 127 mm CW made up significantly
smaller proportions as only 2.4% of the total catch in 2014,
2.9% in 2015, and 4.1% in 2016.
The reasons for the low numbers of adult male crabs, and
large crabs in general in MCB, are speculative. One is that
fishing pressure may be relatively high on this population of
crabs. Currently, there is no stock assessment for blue crabs in
MCB, and no overfishing or target thresholds for catch have
been determined, although commercial harvest has been rela-
tively stable with a yearly average catch of 1.3 million pounds
(Maryland Department of Natural Resources 2015). In addi-
tion, MCB have several endemic pathogens of blue crabs in-
cluding Hematodinium perezi (Messick & Shields 2000, Small
et al. 2019),Parameoba perniciosa (Newman&Ward 1973), and
Callinectes ReoVirus (Johnson & Bodammer 1975, Flowers
et al. 2016). The higher prevalence of these diseases in the
warmer, more saline waters of MCB, than in CB, may influence
population structure as recruits and juveniles are more sus-
ceptible to disease and mortality (Messick & Shields 2000,
Shields 2012, Lycett et al. 2018). There is also a large decrease in
the proportion of adult crabs between October and April of the
following year, suggesting the possibility for overwintering
mortality in larger crabs. This is supported by studies that show
H. perezi can cause high mortality in overwintering crabs har-
boring the parasite (Shields et al. 2015, Huchin-Mian et al.
2018).
Molting and the growth of blue crabs are strongly affected
by temperature and salinity. In the mid-Atlantic region, the
period of molting and growth for blue crabs occurs from April
through November (Van Engel 1958). This is based on water
temperatures, as crabs cease molting below 15C and begin
hibernation at approximately 10C (Van Engel 1958,
Brylawski & Miller 2006). Notably, the smaller MCB system,
due to its size and shallow waters, warms up faster than CB,
thus leading to more active crabs earlier in the year in MCB
(Hall et al. 2004). Conversely, the MCB system also cools faster
in the fall for the same reasons. The subtle differences observed
in size, growth, sex ratio, and maturation may be explained by
these subtle differences in the physiography of MCB and CB.
MCB warm faster and cool faster, making for subtle shifts in
growth rates that may be reflected as phenological shifts in crab
phenotypes.
Molting appears active in the MCB system from April to
November. During April sampling, which occurs mid-month,
the average water temperature ranged from 14.1C to 15.8C,
depending on the year. By mid-October, when average water
temperatures ranged from 17.1C to 18.4C, molting was be-
ginning to slow but had not ceased completely. The decrease in
activity may be triggered by additional environmental condi-
tions or seasonal cues (such as rapid decreases in water
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temperatures between September and October and diel changes
in light intensity), rather than cold water temperatures alone.
Tagatz (1968) found that molting slowed in blue crabs in
Florida from December to February when water temperatures
averaged 12.5C, with some crabs completely ceasing to molt
for several months. In addition, most of the crabs that did not
molt during winter months molted within the first 3 wk of April,
when average water temperatures rose to 18.2C (Tagatz 1968).
Based on the current model of molting and the winter stasis
period in blue crabs, once temperatures drop below a certain
threshold, the molt cycle appears to reset to a ‘‘synchrony
point’’ of late inter-molt (Smith 1997). Although crabs may
hibernate in the premolt state, there are no reports to date in the
literature to support this. The current understanding of molting
thus suggests that crabs rapidly proceed through molting events
when temperatures increase enough to end the winter stasis,
which explains the high level of molting activity observed early
in the year during this study.
In terms of blue crab growth, crabs may require approxi-
mately 11–12mo of continuous growth to reach sexual maturity
in CB (Van Engel 1958), compared with 7mo in Florida (Tagatz
1968). In the mid-Atlantic region, this means that some crabs
may not mature until their second year, that is, in their third
season of growth. Early juvenile crabs that hatch in the early fall
will then settle in mid to late fall (year 0), and overwinter as
recruits (i.e., <20 mmCW). These juveniles made up most of the
crabs caught in April during this study (Fig. 2, Table 1). They
then appear to reach 50–80 mm CW by September of year 1
(Fig. 2), although these crabs may reach larger sizes before the
winter hibernation period; however, they likely do not reach
sexual maturity until the following year, reachingmaturity early
in year 2. This time line is supported by the large proportion of
sexually mature females seen in May and June samples in this
study (Table 4). In comparison, early benthic recruits that
hatched early in spring (i.e., April and May) and settled in
the summer appear to grow rapidly, reaching sexual maturity in
the fall of their second growth season (year 1). This variation
in the timing of growth to sexual maturity has been reported
previously (Van Engel 1958, Hester & Mundy 1983), but the
potential impacts on growth, survival, and reproductive success
are unknown and warrant closer examination.
One well-known feature of blue crab behavior in the CB
region is the migration undertaken by recently mated females to
the higher salinity waters near the mouth of the bay (Churchill
1919, Truitt 1939, Van Engel 1958, Epifanio 2019). Migration
also appears to occur in other regions, such as in the Gulf
of Mexico (Steele 1991). In CB, this migration typically occurs
throughout the summer (Van Engel 1958, Tankersley et al.
1998). It results in large skews in sex ratio where males dominate
in the low salinity sub-estuaries throughout much of the year
(Hines et al. 1987), whereas females dominate in high salinity
waters near the mouth of CB after migrating there for egg-
laying and hatching (Hines 2007); however, as noted by
Epifanio (2019), very little is known about the migration pat-
terns in smaller estuary systems. Whereas the pooled sex ratios
calculated in this study (Table 3) lookmore balanced than those
in CB, variation between years, locations, and age classes sug-
gests that this is not an accurate picture of what is occurring
(Appendix Tables 1 and 2). Similar to CB, the sub-estuaries of
MCB that tend to be more fresh had sex ratios that were skewed
toward male crabs (Newport Bay and St. Martin River;
Appendix Table 2). In addition, Sinepuxent Bay, which had the
highest average salinity, had sex ratios skewed toward females
from May to September.
These male skewed sex ratios, along with the low abundance
of ovigerous females in the MCB tributaries, indicate that mi-
gration may be occurring within the MCB system, but over
smaller time and distance scales as compared with CB. Impor-
tantly, Sinepuxent Bay, just south of the Ocean City Inlet, had a
significantly higher proportion of sexually mature females than
any other sub-estuary and also had the highest catch of ovig-
erous crabs, which suggests that this region is a preferred
spawning ground. The high salinity in this sub-estuary also
aligns with the reported physiological requirements for larval
crabs (Costlow & Bookhout 1959, Chung et al. 2012).
Early work in MCB observed that adult female crabs mi-
grated southward into Chincoteague Bay, regardless of salinity
gradients (Cargo 1958). At the time, it was believed that the
primary spawning grounds were located around the Chinco-
teague Bay Inlet, near Wallops Island, VA, and the Ocean City
Inlet had only been open for 22 y (Cargo 1958).
It is important to note that in the present study, crabs were
not collected in the Virginia portion of Chincoteague Bay. The
sites that were sampled in Chincoteague Bay represent the mid
and upper portions of the sub-estuary and are likely more fresh
than the southern portion that was not sampled. This means
that the reproductive potential of this region was likely under-
sampled, and the Chincoteague Bay inlet is potentially a sig-
nificant spawning ground for the system. In fact, ovigerous
crabs were collected in the Maryland portion of Chincoteague
Bay with relatively high numbers of crabs observed early in
the year (April–May). No ovigerous crabs were found in
other sub-estuaries in April, and very few were seen in May
(Appendix Table 2). Crabs that spawn in April are likely using
sperm from a mating that occurred in the previous year, which
may lead to reduced brood production as sperm quantities de-
crease over time (Wolcott et al. 2005, Ogburn et al. 2014). Al-
though this is only a snapshot of reproduction in the
Chincoteague Bay sub-estuary, there may be important differ-
ences in reproductive timing as compared with the Sinepuxent
Bay sub-estuary.
This variation in reproductive timing is reminiscent of the
differences between females in upper Chesapeake and lower
CB. Females in upper CB typically overwinter before repro-
ducing because they focus on foraging and oogenesis, rather
than migration (Turner et al. 2003), whereas females in the
lower bay may reproduce in the same year they mate (Aguilar
et al. 2005). Although the migratory patterns may differ be-
tween CB and MCB, the existence of two distinct spawning
periods (late spring versus late summer) appears to be similar.
Because the proportion of larvae that return to their home
estuaries is dependent on oceanic currents and wind condi-
tions, the time of year in which larval release occurs may play a
significant role in recruitment (Epifanio 2007). In addition, the
timing of recruitment may also lead to variable success as
disease acquisition and subsequent mortality can be higher
depending on season. For example, juvenile blue crabs were
found to rapidly develop infections by Hematodinium perezi
on placement in regions where the disease is prevalent and
disease transmission decreased drastically because of major
storm events, which are more common in the fall in the mid-
Atlantic region (Huchin-Mian et al. 2017). This suggests that
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there may be a difference in reproductive success for these two
groups, both in CB and MCBs.
Although there are some differences in the blue crab pop-
ulations between CB and MCB, there also appear to be many
similarities. The variation between systems is likely due to en-
vironmental factors, such as salinity, temperature flux, depth,
and habitat availability. More importantly, although the MCB
system represents a smaller population, it still supports a re-
gionally important fishery, and larvae from this system may
seed other estuaries such as Chesapeake andDelaware Bay, as is
suggested by gene flow in close geographical populations of blue
crabs (McMillen-Jackson & Bert 2004). Thus, the management
of the MCB population will support fisheries throughout the
mid-Atlantic.
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Appendix Figure 1. Size frequency histograms by month and year for crab carapace width.
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APPENDIX TABLE 1.
Sex ratios by month unpooled.
2014 April May June July August September October Total
Female 75 131 250 213 143 92 64 968
Male 115 122 255 224 130 124 89 1,059
X2 8.42 0.32 0.05 0.27 0.62 4.72 4.09 4.10
P-value 3.7 3 10–3 0.57 0.82 0.60 0.43 0.029 0.043 0.043
2015 April May June July August September October Total
Female 149 77 284 297 176 136 38 1,157
Male 203 127 293 306 270 246 91 1,536
X2 8.28 12.3 0.14 0.13 19.80 31.70 21.80 53.30
P-value 4.0 3 10–3 4.6 3 10–4 0.71 0.71 8.6 3 10–6 1.8 3 10–3 3.1 3 10–6 2.8 3 10–3
2016 April May June July August September October Total
Female 133 198 238 191 344 208 83 1,395
Male 204 230 267 193 286 266 113 1,559
X2 15.0 2.39 1.67 0.01 5.34 7.10 4.59 9.10
P-value 1.1 3 10–4 0.12 0.20 0.92 0.021 7.7 3 10–3 0.032 2.5 3 10–3
Mature April May June July August September October Total
Female 9 27 83 61 93 91 45 409
Male 27 67 90 114 109 121 85 613
X2 3.79 8.04 0.07 7.61 0.49 1.86 5.69 20.16
P-value 0.051 4.6 3 10–3 0.79 5.8 3 10–3 0.49 0.17 0.017 7.1 3 10–6
The ‘‘Mature’’ group contains only sexually mature females and males in the adult category. Because of relatively small sample sizes, these data are
pooled across all 3 y.
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APPENDIX TABLE 2.
Monthly sex ratios, female maturity and condition, and salinity by subestuary.
Assawoman April May June July August September October Total
Female 29 48 123 124 153 92 53 622
Male 41 69 114 80 149 117 62 632
Total 70 117 237 204 302 209 115 1,254
% Female 41.4% 41.0% 51.9% 60.8% 50.7% 44.0% 46.1% 49.6%
% Mature Females 0.0% 16.7% 7.3% 11.3% 16.3% 19.6% 17.0% 13.3%
Ovigerous 0 1 6 8 4 1 0 20
Avg. Salinity 25.1 24.3 24.9 27.5 26.7 28.7 25.3 26.1
Average size of sexually mature females ¼ 135.8 mm CW
Chincoteague April May June July August September October Total
Female 179 154 296 234 206 125 79 1,273
Male 256 150 290 232 171 131 99 1,329
Total 435 304 586 466 377 256 178 2,602
% Female 41.1% 50.7% 50.5% 50.2% 54.6% 48.8% 44.4% 48.9%
% Mature Females 5.0% 6.5% 7.8% 3.8% 9.2% 23.8% 32.9% 9.8%
Ovigerous 6 6 2 1 0 0 0 15
Avg. Salinity 26.3 24.3 27.5 29 30 30.8 27.4 27.9
Average size of sexually mature females ¼ 130.0 mm CW
Isle of Wight April May June July August September October Total
Female 65 61 93 134 100 72 15 540
Male 70 75 83 96 74 95 28 521
Total 135 136 176 230 174 167 43 1,061
% Female 48.1% 44.9% 52.8% 58.3% 57.5% 43.1% 34.9% 50.9%
% Mature Females 0.0% 1.6% 5.4% 9.7% 19.0% 22.2% 26.7% 10.7%
Ovigerous 0 0 3 8 6 0 0 17
Avg. Salinity 21.8 24.8 27.5 27.9 28 28.9 26.4 26.8
Average size of sexually mature females ¼ 135.4 mm CW
Sinepuxent April May June July August September October Total
Female 8 6 105 48 39 29 5 240
Male 9 5 51 41 22 16 9 153
Total 17 11 156 89 61 45 14 393
% Female 47.1% 54.5% 67.3% 53.9% 63.9% 64.4% 35.7% 61.1%
% Mature Females 12.5% 33.3% 39.4% 35.4% 41.0% 37.9% 20.0% 37.2%
Ovigerous 0 1 25 5 7 2 0 40
Avg. Salinity 29.7 27.3 28.8 28.8 29.3 30.3 28.3 29.1
Average size of sexually mature females ¼ 132.7 mm CW
Newport April May June July August September October Total
Female 18 32 67 61 64 35 16 293
Male 71 66 128 130 123 122 59 699
Total 89 98 195 191 187 157 75 992
% Female 20.2% 32.7% 34.4% 31.9% 34.2% 22.3% 21.3% 29.5%
% Mature Females 0.0% 18.8% 1.6% 1.6% 12.5% 31.4% 18.8% 10.4%
Ovigerous 0 1 0 0 0 0 0 1
Avg. Salinity 23.9 23.8 24.6 24.9 25.8 27.4 25 25.1
Average size of sexually mature females ¼ 135.6 mm CW
St. Martin River April May June July August September October Total
Female 59 105 88 100 101 83 17 553
Male 75 114 149 144 147 155 36 820
Total 134 219 237 244 248 238 53 1,373
% Female 44.0% 47.9% 37.1% 41.0% 40.7% 34.9% 32.1% 40.3%
% Mature Females 0.0% 0.0% 4.5% 7.0% 6.9% 6.0% 11.8% 4.5%
Ovigerous 0 0 0 2 0 0 0 2
Avg. Salinity 22.6 21.8 24.5 26 24.5 27.2 24.6 24.6
Average size of sexually mature females ¼ 138.1 mm CW
CW, carapace width. Salinity is calculated as the average of all data points of bottom salinity recorded at each site within the subestuary. A list of the
subestuaries, and the respective sites in each subestuary, is provided in Figure 1.
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APPENDIX TABLE 3.
Salinity (ppt) for individual sites 2014–2016.
2014 T001 T002 T003 T004 T005 T006 T007 T008 T009 T010
April 13.6 14.3 12.4 13.7 16.4 17.1 – – – 12.3
May 21.1 21.1 – 22.2 23.5 23.1 16.9 – 18.9 21.2
June 24.8 25 24.5 24.4 26.5 25.2 25.3 26.1 28 27.1
July 27.1 27 26.5 27.3 28.9 28.7 21.9 26.7 26.9 27.1
August 25.2 25.3 25.2 25.3 26.3 25.6 23.7 23.9 24.2 26.2
September 23.5 23.5 – 24.4 24.8 25.3 22.3 – 23.3 23.5
October 18.3 18.6 18.3 19 19.9 20.1 18.6 – – –
Average 21.94 22.11 21.38 22.33 23.76 23.59 21.45 25.57 24.26 22.90
2015 T001 T002 T003 T004 T005 T006 T007 T008 T009 T010
April 14.2 14.5 – 13.7 16.2 16.2 – – – –
May 23.3 23.3 22.5 23.9 25.7 26.4 – – 13.9 20.3
June 26 26.6 23.9 26 28.6 28.3 23.8 21 23.1 28.3
July 27.8 27.7 27.1 27.7 28.7 29.2 26.9 22.3 22.4 27.4
August 27.4 27.7 27.3 28.2 29.9 29.6 27.1 23.2 23.4 25.4
September 24.4 24.6 23.8 27.2 28 28.4 23.5 23.8 22.9 26.2
October 18.8 19 18.7 19.1 13.1 12.4 18.9 – 14.8 12.4
Average 23.13 23.34 23.88 23.69 24.31 24.36 24.04 22.58 20.08 23.33
2016 T001 T002 T003 T004 T005 T006 T007 T008 T009 T010
April 16.6 15.4 14.8 12.4 14.1 13.6 – – 12.3 14.6
May 16 16.3 15.8 16.5 18.3 18.2 16.5 – – –
June 24.8 25.5 24.2 23.8 25.2 25 22 20.2 25 23
July 27.3 27.3 27.1 28.4 29.1 31.2 27.2 – 24.3 28.1
August 30.2 30.2 30.1 32.3 31.9 30.8 29.3 20.8 23 28.9
September 23.8 23 23.5 25.8 25.9 25.9 24.8 23.6 23.4 24.9
October 18.3 18.6 18.7 18.8 20.2 19.6 – – 17.6 16.6
Average 22.43 22.33 22.03 22.57 23.53 23.47 23.96 21.53 20.93 22.68
2014 T011 T012 T013 T014 T015 T016 T017 T018 T019 T020
April 13.2 13.4 13.2 14.1 14.4 13.8 – 15 15.3 –
May – 21.7 20.3 21 20.3 22.4 23 23.3 23.8 22.8
June 25.6 26.2 24.8 25.4 24.2 27 25.8 26.6 27 26.8
July 27 26.5 26.8 27.1 26.5 26.5 25.7 25.5 26.2 26.2
August 26.3 25.9 25.9 25.9 26.8 26.6 26.6 26.9 26.6 26.7
September 22.3 21.5 21.5 22.5 22.1 – 22.6 22.3 22.4 22.7
October 14.2 13.5 14.3 14.2 20.7 20.5 20.5 21.1 21.3 20.7
Average 21.43 21.24 20.97 21.46 22.14 22.80 24.03 22.96 23.23 24.32
2015 T011 T012 T013 T014 T015 T016 T017 T018 T019 T020
April 14 15 13.6 13.9 17.5 17.5 17.4 17.6 18.1 17.8
May 20.3 20.7 20.9 24.2 25.1 23.9 23.9 24.8 24.9 23.7
June 27.8 28.6 27.3 28.6 28.4 24.1 23.6 25.3 26.1 23.7
July 26.6 26.2 26.4 26.6 26.4 28.3 27.1 27.8 28.8 27.8
August 26.1 26.5 25.2 24.7 25.7 25.2 25 25.1 25.7 25.1
September 26.2 25.8 26.4 21.3 22.5 24.2 23.4 24.6 24.8 24
October 13.1 10.5 19 19 18.9 19.2 19 19.5 19.6 19.3
Average 22.01 21.90 22.69 22.61 23.50 23.20 22.77 23.53 24.00 23.06
2016 T011 T012 T013 T014 T015 T016 T017 T018 T019 T020
April 15.4 17.1 15.6 15.5 14.4 15.7 15.2 15.2 15 16
May 17.5 18.4 16.9 16.9 17.9 17.9 17.9 19.7 19.9 18.1
June 23.2 23.3 23.4 26.3 25.9 25 24.1 24.8 25 24.9
July 28.4 29.2 28.5 28.5 27.4 29 29.1 29.4 29.9 29.1
August 30.6 31.2 30.3 29.8 29.4 27 26.3 26.6 26.8 27.3
September 24.1 23.9 22.3 22.4 21.7 22.6 23.99 23.87 23.59 23.95
October 17.2 16 15.8 15.8 14.4 17.2 17.2 17.5 17.6 17.4
Average 22.34 22.73 21.83 22.17 21.59 22.06 21.97 22.44 22.54 22.39
Sites where no crabs were collected are not included in the dataset used in this study. For these sites, no environmental data is available and they are
denoted by - in the table.
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APPENDIX TABLE 4.
Ovigerous crab catch out of total mature female catch by month.
Year April May June July August September October Total ovigerous
2014 0/0 2/3 5/24 10/30 2/24 0/6 0/8 19
2015 0/0 0/2 2/12 8/20 2/24 1/44 0/13 13
2016 6/9 7/22 29/47 6/11 13/45 2/41 0/24 63
Total ovigerous 6 9 36 24 17 3 – 95
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